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 Gulf War Illness (GWI) is a medically unexplained illness that is classified by 
two common case criteria including the CDC chronic multisymptom illness definition 
and Kansas GWI criteria. It occurred among veterans who served in the Persian Gulf War 
from August, 1990 to February, 1991.  Because of its complex chronic symptoms and 
multiple potential causes the neuropathological mechanisms and/or successfully clinical 
treatments for it remain elusive. Those in the theater of this war experienced exposures to 
many neurotoxicants, suggesting an association between GWI and neurologic 
dysfunction. In order to better understand the underlying cause of GWI, we have chosen 
to explore cerebral blood flow. Our hypothesis is that abnormal cerebral blood flow is 
associated with GWI and ultimately neurological dysfunction. By conducting a 
comprehensive evaluation of cerebral blood flow we will be able to determine if it has a 
role in Gulf War Illness. Historically, several techniques have been used to measure 
cerebral blood flow. Arterial spin labeling (ASL) has been widely used in research as a 
non-invasive and non-ionizing technique, which has the least adverse effects on the 
participants. An ASL subtype called pseudo-continuous arterial spin labeling (PCASL) 
has become a favorable technique in ASL research because it combines the advantages of 
continuous arterial spin labeling (CASL) and pulsed arterial spin labeling (PASL). 
PCASL can quantify the absolute cerebral blood flow without the exogenous contrast 
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agents. The cost of PCASL is relatively low as most scanner can run this sequence 
without additional hardware. It provides higher label efficiency (to CASL) and greater 
signal-to-noise ratio (to PASL). We utilized the data from an ongoing study with 114 GW 
veterans study participants aged from 42 to 80. Their regional cerebral blood flow was 
scanned using a 3T Philips Achieva MRI scanner. Asltoolbox (Wang et al., 2016) was 
used to calculate the cerebral blood flow, and Freesurfer v6.0 was used to do the co-
registration and quantification. The analysis of demographic data suggested that the 
presence of hypertension was the only variables that made differences between control 
and GWI case groups (p = 0.02). General linear models indicated that alternations of 
cerebral blood flow were not a component of GWI at least using CMI definition. Whether 
cerebral blood flow associates with GWI is still pending on further studies with utilizing 
a more refined case definition.  
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 Gulf War Illness (GWI) is a disorder found in a third of all veterans who served 
during the Persian Gulf War from August, 1990 to February, 1991. Many types of 
research have been conducted in an effort to find a treatment for GWI. However, our 
understanding of GWI is still limited due in part to the complex presentation of 
symptoms among individuals. To date, we do not have a good understanding of the 
pathological mechanism that underlies Gulf War Illness. A comprehensive understanding 
of GWI is needed if meaningful treatments are to be found. Evidence suggests a central 
nervous system component to Gulf War Illness that originated from exposures to 
neurotoxicants; thus, it seems reasonable to use a neurologic perspective to approach the 
mechanisms of GWI. Alterations in cerebral blood flow, can be considered as a 
contributor to central nervous system dysfunction and could be the result of neurotoxicant 
exposures.  Therefore, abnormalities of cerebral blood flow may play a role in GWI. To 
address the role of the cerebral blood flow, the aim of this study was to use MRI scanned 
data of cerebral blood flow to investigate whether it has an association with GWI.  
 
The Persian Gulf War and the initial report of Gulf War Illness 
The Persian Gulf War was a war between Iraq and a coalition force of 34 nations 
during 1991, triggered by the Iraqi invasion of Kuwait in 1990. The coalition force 
included 697,000 US personnel and smaller forces from Britain, France, Australia, 
Canada and Germany among other nations. The coalition force included 697000 US 
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personnel and smaller forces from the other participated countries. After effective and 
intense air campaigns, the coalition force ordered a 100-hour land war, known as 
Operation Desert Storm, expelled Iraq forces from Kuwait (Office of the historian, n.d.). 
Several techniques were used, including Cruise missiles, Stealth bombers, laser guidance 
systems, and infrared night-bombing equipment (The Editors of Encyclopaedia 
Britannica, 2020). Therefore, the troops present in theater during the Gulf War were 
exposed to a series of biological and chemical agents. Oil-well fires were able to 
visualize in satellite images on February 9, 1991, whereas they were not extinguished 
until November 1991 (Committee on the Development of a Consensus Case Definition 
for Chronic Multisymptom Illness in 1990-1991 Gulf War Veterans, 2014). The Gulf 
War was considered as a successful operation due to the minimal numbers of battle 
injuries and deaths; however, some veterans began to report a disorder with a series of 
symptoms due to their participations in the Gulf War; Studies in the US and other places 
confirmed that approximately 25-32% of this population suffered from an unknown 
disorder with varying symptoms among individuals without a physical injury (White et 
al., 2016). Reported symptoms include but are not limited to muscle and joint pain, 
fatigue, sleep disturbances, loss of concentration, forgetfulness, headache, respiratory 
complaints, rashes, and gastrointestinal distress (White et al., 2016). 
 
Gulf War Illness 
Gulf War Illness (GWI), also known as undiagnosed illness or chronic multi-
symptom illness, is an illness without an obvious pathological mechanism. It was first 
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reported in 1991 among some of the veterans who served in the Gulf War. 
Approximately 250000 of 697000 personnel from US troops who served during the Gulf 
War suffer from GWI (Stencel, 2010). The health of some deployed GW veterans 
became worse compared to the non-deployed veterans. GWI has a variety of symptoms 
that had not been uniformly considered into a single illness for a long period until the 
Veterans Affairs Office recommended the two previous definition (CMI and Kansas) in 
2013 (US Department of Veterans Affairs, & Veterans Health Administration, 2018); in 
the administration, VA recommended that the CDC definition and Kansas definition 
(details refer the section Nomenclature and case definition of Gulf War Illness) be used to 
define GWI. Veterans who may have been exposed to environmental and chemical 
hazards in the war (US Department of Veterans Affairs, & Veterans Health 
Administration, 2013), appear to be at a higher risk for the development of GWI 
(Sullivan et al., 2018). Several studies have indicated that GWI does not result from the 
combat or other stressors (Research Advisory Committee on Gulf War Veterans’ 
Illnesses, 2014). According to the long-term follow-up report from the Department of 
VA, few Gulf War veterans (2%) recovered entirely from GWI, and a majority of Gulf 
War veterans (76%) with GWI stayed the same or became worse from 2005 to 2016 
(Figure 1). This situation might be due to the lack of effective treatment for GWI. 
Consequently, it is crucial to create a valid and effective treatment for Gulf War veterans 
expressing symptoms of GWI. Many types of research have been conducted to develop 
the treatment of GWI, but the process has been relatively slow in part due to the vague 
mechanism underlying GWI and the unclear chronic effects of combined exposures 
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during the war. A valid and effective treatment toward the intrinsic causes is urgently 
needed for veterans with GWI. 
 













Figure 1. Change in Unexplained Multisymptom Illness (MSI) Over Time: Gulf 
War Veterans Who Reported MSI Lasting 6 Months or Longer After January 1991. 
Gulf War Illness and the Health of Gulf War Veterans: Research Update and 
Recommendations, 2009-2013 (p21, 2014). Retrieved from https://www.va.gov/RAC-
GWVI/RACReport2014Final.pdf. 
 
Nomenclature and case definition of Gulf War Illness 
The nomenclature and definition of Gulf War Illness (GWI) are essential for 
diagnosis, counting, and public health surveillance. The names of the illness and its 
symptoms have varied over the years, but Institution of Medicine (IOM) recommended 
using the term “Gulf War Illness” going forward since 2014 (The US Department of 
Veterans Affairs, 2015). Case definitions that have been used to describe this collection 
of symptoms include chronic multisymptom illness definition (CMI, Fukuda, et al., 
1998), the Kansas GWI definition (Steele, 2000), the Haley syndrome criteria (Haley, 
Kurt, & Hom, 1997), and adaptations of these definitions.  The CMI definition was 
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usually referred to as the CDC’s case definition of CMI because the CMI study was 
funded and conducted by the CDC (Committee on Gulf War and Health: Treatment for 
Chronic Multisymptom Illness, 2013). For researchers and clinicians, The US 
Department of Veterans Affairs (VA) has recommended the case definitions created by 
the US Centers for Disease Control and Prevention (CDC) and the Kansas Persian Gulf 
War Veterans Initiative (The US Department of Veterans Affairs, 2015). 
CMI definition has become the most widely used definition in the epidemiologic 
literature to date (White et al., 2016). It was defined as veterans reported one or more 
chronic unexplained symptoms presenting six months or longer in at least two of the 
following categories: a) fatigue; b) mood and cognition (trouble sleeping, difficulty 
remembering or concentrating, feeling depressed, feeling moody, feeling anxious, and 
trouble with word finding); c) musculoskeletal (joint pain, joint stiffness, and muscle 
pain).  IOM and VA have recommended to use the CMI definition in their documents 
(IOM, 2014; Committee on Gulf War and Health: Treatment for Chronic Multisymptom 
Illness, 2013). The Kansas definition of GWI requires the individual to have multiple or 
moderate-to-severe symptoms in at least three of six domains with at least six months 
presenting, including fatigue or sleep problem, pain, neurologic/cognitive/mood 
symptoms, gastrointestinal symptoms, respiratory problems, and skin symptoms (Steele, 
2000; Steele et al., 2012).  Individuals who have psychiatric or medical conditions with 
similar symptoms are excluded by the Kansas definition. The Haley syndrome criteria 
defined GWI into three syndromes, including syndrome 1 (impaired cognition) involves 
problems with sleep, attention, and memory with depression, syndrome 2 
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(confusion/ataxia) characterized by the problem with thinking and balancing, syndrome 3 
(Neuropathic pain) defined as muscle and joint pain. CDC and Kansas definitions have 
been recommended since they captured the most common symptoms and provided a 
framework for further therapy and research. CDC definition has identified 29 to 60 
percent of deployed Gulf War veterans as the group with GWI, whereas the Kansas 
definition has identified 34 percent as the group with GWI (IOM, 2014). 
 
Symptoms and other indicators of Gulf War Illness 
 The commonly reported symptoms of GWI include fatigue, memory and other 
cognitive problems, widespread pain, skin rashes, gastrointestinal, and respiratory 
difficulties (RAC 2014). However, for a variety of reasons, not all Gulf War veterans 
present identical symptoms, whereas fatigue and memory problems were the most 
prevalent symptoms (IOM, 2014). Even though veterans’ symptoms are the most direct, 
consistent, and obvious indicators, many studies have focused on the findings of the other 
objective measures which are able to distinguish veterans with GWI from healthy 
veterans. There is some evidence that suggests measures of neuroendocrine and immune 
function, autonomic nervous system function, measures of brain structure, and measures 
of enzymes that protect the body from neurotoxic chemicals can help to identify those 
with GWI (Gulf War Illness and the Health of Gulf War Veterans, 2008).  
 GWI has been suggested to have an association with the other multisymptom 
conditions, including fibromyalgia (FM), chronic fatigue syndrome (CFS), and multiple 
chemical sensitivity (MCS). The prevalence of CFS in Gulf War veterans is significantly 
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greater than non-deployed veterans, whereas the prevalence FM and MCS were also 
found to be associated with GWI but at a lower rate (Gulf War Illness and the Health of 
Gulf War Veterans, 2008). According to the 2008 RAC report, further research 
addressing the similarities and differences between these conditions and GWI will 
provide possible insight that could help us to understand the mechanisms that underlies 
GWI and contribute to the potential treatment. 
 
Difficulties on Gulf War Illness research 
Several challenges have been found in Gulf War Illness research, including the 
demand of long-term follow-up, categorization of the symptoms, a focus on quantifying 
symptoms, groups divided, and so on. The Institute of Medicine, as a part of the National 
Academy of Science, reported that GWI had continued to affect the veterans within about 
20 years after the Gulf War. Due to individually different exposures among GWI 
veterans, the categorization of the symptoms and groups remains difficult. GW 
deployment has also shown to be a risk factor for other illness: veterans with GWI 
showed a significantly higher death rate from brain cancer (Kang & Bullman, 2001); the 
rate of neuralgia/neuritis, repeated seizures, and stroke has been identified as significantly 
high in GW veterans (Kang et al., 2001); veterans with GWI revealed a significantly 
higher proportion of headache (Rayhan et al., 2013). Some symptoms of GWI have been 
incorrectly considered as insignificant symptoms, so the research on these symptoms 
received inadequate attention from medical and scientific establishments. The exposures 
and experiences encountered in Gulf War Illness were individually different, so 
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identifying each individual’s unique Gulf War experience is challenging. The analysis 
that combines all Gulf War veterans will undermine or obscure important findings within 
a roughly defined GWI group. Instead, a certain subgroup of the Gulf War veterans may 
reveal the findings and principles better. The situation above has slowed GWI research 
progress. 
  
Exposures that may be related to Gulf War Illness 
 Although several conditions have been considered as potential causes of Gulf War 
Illness (GWI), the primary causes and their neuropathological mechanisms are still 
vague. The Gulf War was complex with the usages of novel weapons, prophylactic drugs, 
and biomedical chemicals; thus, veterans were exposed to a unique condition with a 
mixture of hazards. Figure 2 list all the possible exposures contributed to GWI, including 
the pyridostigmine bromide pills given to the veterans, depleted uranium, and pesticides 
used on skin and uniforms, and so on. Several exposures are considered as less likely 
causes, including oil well fires, sand, noise, paint, heat, infectious diseases, and 
occupational hazards. The details of the exposures are introduced in the following 
sections. Gulf War veterans have been exposed to different combinations of several 
factors, while the understanding of long-term influences of those exposures both 
individually and collaboratively are still progressing. None of these can explain all 
symptoms, and the principles of pathogenicity from these exposures and their interactions 





Pyridostigmine bromide (PB) exposure has been considered as a possible cause of 
Gulf War Illness by US Department of Veterans Affairs and research organizations. PB 
was a drug given to the troops to protect them from the potentially harmful effects of 
nerve agents during the Gulf War. Food and Drug Administration proved PB as a valid 
and safe drug for the treatment of myasthenia gravis in 1955; PB has been used for more 
than 50 years after this approval (Fulco et al., 2000). The Department of Defense 
confirmed that 5,328,710 doses were distributed to the troops and estimated the personnel 
who took PB were approximately 250,000 during the Gulf War (Office of the Secretary 
of Defense Bernard Roskter, 1998). The usage of PB alone or combined with the other 
agents has been identified as a possible causative factor significantly associated with Gulf 
War Illness (GWI) (Fukuda et al., 1998; Unwin et al., 1999). In a more recent study cited 
by White et al. 2016, the usage of PB has been reported to be associate with elevated risk 
for GWI among Gulf War veterans. PB took in estimated dose (single oral 30-180 mg) 
can produce acute transient cholinergic symptoms, whereas no reports are available for 
the chronic effect (Fulco et al., 2000). Therefore, it is very likely to confirm the 
association between PB and GWI, but further research is still necessary to find a clear 
association between PB and the long-term symptoms of GWI. 
 
Depleted uranium 
Exposure to depleted uranium (DU) has been considered as another possible 
cause of Gulf War Illness (GWI) by the Department of Veterans Affairs. Gulf War 
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veterans have shown a significantly higher cancer rate, pointing to the exposure of 
mutagens and oncogens (Durakoviæ, 2001). DU has been identified by objective research 
as one of the agents present in the Gulf War Theater. The US. military has used depleted 
uranium (DU) on tank armor and some bullets because of its high density, helping it 
prevent penetration into our armored vehicles or penetrate enemy armored vehicles. 
Depleted uranium can form the uranium hexafluoride, which is an unstable toxic 
chemical, becoming two chemicals uranyl fluoride (soluble in water) and hydrogen 
fluoride (gas). Known exposure to DU of US veterans in the Gulf War included friendly 
fire incidents, cleanup operations, and accidents (including fires) (Fulco et al., 2000). The 
consequences of DU exposure has not been adequately understood by experts, so US 
Department of Veterans Affairs suggested a long-term follow-up of the cohort of veterans 
exposed to DU (Fulco et al., 2000). 
 
Pesticides 
US Department of Veterans Affairs (VA) suggested that the exposure to 
pesticides was a possible cause of Gulf War Illness (GWI). The pesticides used during 
the Gulf War include methyl carbamate organochlorine pesticides (lindane), applied on 
uniforms as a delouser to expel bugs; DEET, used on the bare skin directly as an insect 
repellent; Pyrethroid pesticides (primarily permethrin); and Organophosphates. (US 
Department of Veterans Affairs, & Veterans Health Administration, 2013). As personal 
insect repellents, lindane were used on uniforms, and DEET was applied directly to the 
skin.  Other pesticides such as organophosphates and carbamates applied in the Gulf 
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region were to be used only by specially trained individuals or for specific applications. 
According to White et al., 2016, research has found a plentitude of evidence to suggest 
the association between pesticides and GWI (Sullivan et al., 2018). The research advisory 
committee on Gulf War Veteran’s Illnesses also concluded that the pesticides used during 
the Gulf War were associated with neurocognitive deficits and neuroendocrine 




Although no evidence has been uncovered to show that Gulf War veterans were 
exposed on a large-scale to high-dose chemical or biological nerve agents, the concern 
remains that they may have been exposed to low dose nerve agents. Rockets filled with 
sarin and cyclosarin were found at a storage depot in Khamisiyah, Iraq, and this storage 
depot was demolished by US military service members following the 1991 Gulf War 
cease-fire. During this event an undermined amount of sarin/cyclosarin was released into 
the atmosphere. The department of defense has confirmed approximately 100,000 
veterans were exposed to low-level nerve agents as a result of the weapon demolishing. 
Brain, autonomic, behavioral, neuroendocrine, and immune effects of the low-level sarin 
exposure had been identified in animal studies (RAC 2008). In human studies, 
investigators also found a reduced performance on neurobehavioral tests and smaller 
white matter volumes were found in individuals who exposed to the combination of low-
level hazards. (White et al., 2016).  Based on both the animal and human studies, the VA 
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has suggested a potential association between nerve agents and GWI, at least for the 
subgroups of veterans were exposed. 
 
The other GW relative exposures 
 According to US Department of Veterans Affairs (VA), the other exposures that 
may be related to GWI include vaccinations, oil wells fires, sand, toxic embedded 
fragments, noise, infectious diseases, and heat injuries. Approximately 150,000 troops 
were given anthrax vaccination shots, and about 8,000 troops were given botulinum 
toxoid vaccination shots. Diverse concerns have been raised on the association of these 
vaccinations and Gulf War Illness (GWI), but little reliable evidence has been found to 
show that these vaccinations are a prominent risk factor for GWI (Kelsall et al., 2009). As 
for the oil well fires, approximately 550,000 to 600,000 US troops were impacted by the 
oil well fires at their peak. The exposure to the oil well fires in terms of duration and 
intensity differed widely amongst the troops though many veterans were exposed to 
highly intense smoke (Steele, 2012). Based on the available data and research, the VA 
suggested that oil well fires were not the primary causes of GWI, but further studies are 
still need to determine if this is in fact true. In terms of noise, harmful noise has been 
reported to affect veterans during military services including combat, training, and 
general job duties, but it is not likely to contribute as a dominant factor for GWI. Acute 
infectious diseases can have an adverse impact on gastrointestinal and respiratory 
systems.  Diseases such as sandfly fever, leishmaniosis diarrheal diseases, and malaria, 
affected a small proportion of the US troops during the Gulf War.  However, the US 
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troops were treated to minimize the effect of these infectious diseases. No evidence has 
been uncovered to show that GWI is a result of these diseases.  Although exposures to 
these types of diseases are not likely to be the prominent primary risk factor, the 
combination of two or several exposures may still be contributory. Therefore, the 
research on the chronic effect of the combined exposures continues to be an active area of 
research for the mechanisms underlying GWI and the search for effective treatments 
(Gulf War Illness and the Health of Gulf War Veterans, 2008). 
 Due to the situation that many symptoms of GWI are related to central nervous 
system dysfunctions, and many exposures include neurotoxicants, it is reasonable to 
explore a neurological basis for GWI. Cerebral blood flow which is essential for central 
nervous system function is a potential understudied contributor to the dysfunction 
associated with GWI.  This study seeks to fill a gap in our knowledge about the possible 
association between cerebral blood flow and GWI. 
EXPOSURES CONTRIBUTED TO GULF WAR ILLNESS 
PYRIDOSTIGMINE BROMIDE Tablet used to protect nerve agent soman 
PESTICIDES Substances used to repel or destroy pests 
CHEMICAL & BIOLOGICAL 
WEAPONS 
Ammunitions storage depot containing 
warfare agents that was demolished 
DEPLETED URANIUM Uranium used in bullets and tank armor 
OIL WELL FIRES Oil or gas wells that caught on fire and burned 




NOISE Harmful sounds from military services 
INFECTIOUS DISEASES Nine infectious diseases in Southwest Asia 
HEAT INJURIES Hot temperature in Iraq caused health 
problems 
 
Figure 2. Exposures contributed to Gulf War Illness (GWI). None of the causes can 
individually explain all the symptoms. (US Department of Veterans Affairs, & Veterans 
Health Administration, 2013). PB use, depleted uranium, and pesticides were more likely 
to be the prominent risk factors, whereas the other exposures were considered as the less 
likely contributors. The research on the effect of the combination of several exposures 
may provide useful information for GWI. 
  
Cerebral blood flow and its measurements 
Cerebral blood flow (CBF) is the total amount of blood supplied to the brain in a 
given time. A sufficient CBF is critically important for the brain to maintain the 
functions; blood provides the proper supply of oxygen and energy substrates and provides 
one mechanism for the removal of waste products generated by neurons and glial cells. In 
a normal physiological state, the cerebral blood flow remains constant mainly due to the 
prominent contribution of large arteries (Cipolla, 2009). Although advances in recent 
neurovascular findings in molecular and cellular mechanisms underlying vascular 
conducted response have been found, researchers still know little about the physiological 
and pathological mechanism of cerebral blood flow to brain areas (Jensen & Holstein-
Rathlou, 2013).  
Brain perfusion indicates the amount of blood that is supplied to a particular area 
of the brain. Perfusion measures typically include blood volume, blood velocity, and 
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blood transit time. Measurements of perfusion can be conducted through a variety of 
techniques. Conventional techniques include positron emission tomography (PET), 
single-photon emission computed tomography (SPECT), computerized tomography (CT) 
perfusion and dynamic susceptibility contrast (DSC) magnetic resonance imaging (MRI) 
(Petcharunpaisan et al., 2016). Arterial spin labeling, a technique with several subtypes 
that can measure the perfusion and absolute cerebral blood flow, is a technique that has 
been embraced in recent research studies.  
 
Regulation of cerebral blood flow 
 Cerebral blood flow is crucial in maintaining the normal cerebral function, but 
whether it is associated with the GWI remains unknown. Studies have identified the 
autoregulation of cerebral blood flow is preserved in sympathetically and 
parasympathetically denervated animals, suggesting that it is unlikely to influence the 
cerebral blood flow autoregulation by an extrinsic neurogenic factor (Busijia & Heistad, 
1984). The brain is not so sensitive to hormone regulation as peripheral organs, because 
of the blood-brain barrier; it relies on almost entirely on local mechanisms as 
neurovascular coupling, a regulation that is controlled mainly by neurons and astrocytes 
(Attwell et al., 2010). The regulation of cerebral blood flow is an exceedingly complex 
process that we are only beginning to understand. Studies have identified three key 
regulatory paradigms, including flow-metabolism coupling, cerebral pressure 
autoregulation, and neurogenic regulation (Peterson et al., 2011). An understanding of the 
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regulation of cerebral blood flow may be helpful for the understanding of the role of 
cerebral blood flow in Gulf War Illness. 
 
Arterial spin labeling and its subtypes 
 Arterial spin labeling (ASL) is an MRI method to measure cerebral perfusion 
using arterial blood water molecules as freely diffusible tracers. Compared to the other 
techniques, arterial spin labeling (ASL) has several advantages. ASL labeled water 
molecules are in the blood, so it provides a direct measurement of cerebral blood flow 
(Buxton et al., 1998). PET, which can also provide measures of cerebral perfusion, is less 
invasive but costlier, so it is not often used when a viable alternative method is available. 
Perfusion-weighted MRI (PWI) using Bolus infusion of gadolinium 
diethylenetriaminepentaacetic acid can only provide a relative CBF with the calculation 
of complex algorithms (Chalela et al., 2000), whereas ASL can calculate the absolute 
CBF. The quality of PWI images is highly dependent on the duration of an intravenous 
contrast bolus. The number of slices acquired through PWI are limited to approximately 
seven due to the dynamic contrast changes that are imaged in PWI and occur in 
approximately 30 to 60 seconds. This can be a significant limitation when the location of 
a specific damaged region is unknown or when whole brain imaging is desired (Chalela 
et al., 2000). Another technique called Xenon-enhanced CT generates the CBF with 
inhaled radiodense gas, but there are several side effects to this technique, including 
disruptions to sensory symptoms, depressed respiratory, and altered sensorium as a result 
of the anesthetic properties of Xenon (Yonas et al., 1996). ASL does not require an 
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injection of gadolinium, dyes or noble metal nanoparticles, which could be harmful to 
participants who have renal insufficiency (Deibler et al., 2008; Petcharunpaisan et al., 
2010). ASL also eliminates the potential concern of injecting potentially harmful agents 
into an individual with a central nervous system disorder (Dai et al., 2008). Thus, ASL is 
an ideal technique for scientific research due to the quantitatively perfusion 
measurements with its non-invasive nature and ability. Based on ASL, continuous ASL 
(CASL) and pulsed ASL (PASL) were developed. Pseudo-continuous arterial spin 
labeling (PCASL), as a hybrid of CASL and PASL, has become preferred in recent 
studies because it combines the advantages from both CASL and PASL.  
For the quantification of ASL data, CBF is typically expressed in milliliters per 
100 grams per minute. A normal average CBF in adults is about 50 ml / (100g x min); 
CBF has lower values in white matter [~ 20 ml/ (100g x min)], and greater values in grey 
matter [~ 80 ml/ (100g x min)] (Fantini, et al., 2016). 
The basic principle for all kinds of ASL is to obtain labeled images and control 
images, and then acquire the perfusion images from the subtraction of the control and 
labeling images (Pollock, et al., 2009). As figure 3 shown, in order to obtain the images, 
the MRI scanner will apply a radiofrequency (RF) pulse in a horizontal slab proximally to 
the region of interest. The blood water protons will become magnetized due to the RF 
pulse. During the post label delay, the labeled blood will flow to the region of interest 
through vessels. After the delay interval, the MRI scanner will then obtain the labeled 
images. The control images are acquired without the radiofrequency pulse in the identical 
region of interest. The perfusion is generated by the subtraction of the control and labeled 
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images (see Methods). Because of the limited signal from the labeling (0.5% to 1.5% of 
the full tissue signal), ASL signal-to-noise ratio is inherently low. The remaining signal 
depends on many parameters, including the T1 of blood and tissue, and the post label 
delay (Petersen, Lim, and Golay, 2006).  
Figure 3. Generic ASL method showing basic principles of image contrast. 
Arterial spin labeling (ASL). (n.d.). Retrieved from http://mriquestions.com/what-is-
asl.html. 
Continuous arterial spin labeling and pulsed arterial spin labeling 
Continuous arterial spin labeling (CASL), introduced in 1992, is the first 
implement of ASL. CASL, as a subtypes of ASL, provides the same non-invasive ability 
for the measurement of cerebral blood flow with freely diffuse tracer, arterial water. The 
acquisition of CASL requires the subtraction of labeled images and control images, but 
the differences are in the labeled modes. In CASL, the labeling of the inflowing arterial 
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water spins is continuous through a process called adiabatic fast passage (AFP) (Norris, 
2002). AFP requires two conditions: first, the entire labeling time must shorter than the 
relaxation times; second, the scanner must change the effective magnetic field at an 
accurately slow rate, in order to ensure the angle between the net magnetization and 
effective magnetic field remain constant (Borogovac & Asllani, 2012). CASL provides a 
higher signal-to-noise (SNR) ratio, compared to ASL; nevertheless, this technique uses a 
long inversion pulse, which causes considerable energy deposition in the subject, leading 
to a greater specific absorption rate (Liu, Brown, 2007) and potentially causing harm. 
Moreover, this long inversion pulse complicates CASL from standpoints theoretically 
and practically. Theoretically, because of the magnetization transfer (MT) effects, long 
off-resonance RF pulse can lead to signal lose. Since the scanner does not apply the 
labeling pulse to the control images they will be affected by MT. Thus, the subtraction of 
labeled and control will reflect the perfusion with the signal loss due to the MT effects 
(Borogovac & Asllani, 2012). Practically, CASL requires a continuous application of low 
amplitude radiofrequency labeling pulse, making difficulty in implementation of the 
sequence on most scanners; thus, most commercially available scanners do not offer the 
ability to acquire CASL images (Grade et al., 2015; Borogovac & Asllani, 2012).  
Pulsed arterial spin labeling (PASL) is another subtypes of the ASL, solving the 
problem of the MT effects since PASL uses short RF pulse. PASL includes several 
tagging techniques, as echoplanar imaging and signaling targeting with alternating RF 
(EPISTAR), flow-sensitive alternating inversion recovery (FAIR), proximal inversion 
with a control for off-resonance effect (PICORE), the second version of quantitative 
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imaging of perfusion using a single subtraction (QUIPSS II), and so on. (Luh et al., 
1999). EPISTAR, FAIR, and PICORE are different in their sensitivities to inflow from 
the distal side of slice and in their tag profiles (Wong et al., 1997). In EPISTAR, both tag 
and control use a slab selective inversion, whereas tag is proximal to the imaging slices 
and control is distal to the imaging slices. PICORE and FAIR were derivative from 
EPISTAR.  The PICORE tag is identical to EPISTAR, whereas PICORE control does not 
use slab selective gradient, in contrast, it is an off-resonance inversion pulse in the same 
frequency (Luh et al., 1999; Wong et al., 1997). In FAIR, tag involves the application 
with a non-selective inversion pulse, while the control involves a slice selective inversion 
(Wong et al., 1997). QUIPSS II was a technique based on EPISTAR, FAIR, and 
PICORE; it was able to do multislice quest and minimize the system errors in 
quantification of cerebral blood flow (Luh et al., 1999). For PASL, its tagging efficiency 
is higher than 95%, but it requires a spatial gap between the imaging pane and distal edge 
of the tagging slab needs to be provided. In the quantification of cerebral blood flow, 
error associated with the transit delay emerged during the blood transverses the spatial 
gap can result in problems (Wong, 2005).  
 
Pseudo-continuous arterial spin labeling 
Pseudo-continuous arterial spin labeling (PCASL), as a hybrid of CASL and 
PASL, it provides greater SNR and higher tagging efficiency compared to the original 
ASL technique, and overcomes the problems of CASL and PASL. Compared to CASL, 
PCASL does not require any additional hardware. PCASL simulate the CASL’s invention 
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method for spin labeling by applying an array of discrete RF between two consecutive 
pulses under a gradient wave (Wu et al., 2007). PCASL generates less RF pulse 
deposition compared to PASL (Pollock et al., 2009), so a more efficient labeling pulse 
and decreased magnetization transfer effects are representing in PCASL. According to 
Wu et al. (2007), who compared PCASL with CASL and PASL within 3 T 
magnetization, PCASL gave 18% (from 68% to 80%) increase in labeling efficiency 
compared to CASL and a 50% improvement in signal-to-noise ratio (SNR) compared to 
PASL. Besides the increasing SNR and labeling efficiency, PCASL has a lower inter-
subject variable. Gevers et al. (2011) suggested that the reproducibility and reliability of 
PCASL were better for both young and old subjects. Because of high efficiency, 
multislice capability, and relative ease of implemention, PCASL has become a preferred 
choice among the ASL techniques in brain perfusion research.  
As a form of ASL, the goal of PCASL is the same; to produce a labeled image 
and a control image with identical tissue region and different magnetization of inflowing 
blood. Differences between ASL and the other subtypes of ASL are in the way to 
generate the pulses and acquire the images. As the most recently developed technique, 
PCASL applies a long series of short radiofrequency pulses in a robust slice-selection 
gradient, combining the desirable features of CASL (high SNR) and PASL (lower energy 
deposition). Although ASL had shown many priorities, there are still two main challenges 
in ASL imaging; temporal resolution and SNR are relatively low so they need to be 
improved (Borogovac & Asllani, 2012). The solving of these improvements will help 




Purpose of this study 
The research in Gulf War Illness (GWI) is important. Approximately 30% of Gulf 
War veterans suffer from GWI, and the majority of those with GWI have become worse 
or stayed the same in the past decade (Gulf War Illness and the Health of Gulf War 
Veterans: Research Update and Recommendations, 2014). Moreover, the pathological 
mechanism underlying this disorder has still not been completely determined impairing 
progress towards an effective treatment. As a result, veterans with GWI have primarily 
been given treatments to modify symptoms and these have mainly proven to have an 
ineffective outcome. Consequently, it is critical to develop a new and valid treatment to 
cure GWI. 
The purpose of this study is to assess whether cerebral blood flow is a 
pathological feature of the GWI. Since Gulf War veterans were exposed to 
neurotoxicants, and a number of GWI symptoms mirror those found in neurologic 
diseases, it is reasonable to approach GWI from a neurologic perspective. Alterations in 
cerebral blood flow is a potential contributor to a number of neurologic diseases and may 
play an important role in GWI. If alterations in cerebral blood flow are found, further 
research can target altering blood flow in an effort to treat GWI. This project represents 








The data used in this research was collected from 114 recruited participants who 
participated in the Boston Gulf War Illness Consortium. The data from eleven 
participants were excluded because they did not have a complete set of imaging data, so 
103 sets of data were used in the statistical analysis, including 20 females and 83 males. 
Analyzed participants include 88 cases and 15 age-matched healthy veterans, all between 
ages from 42 to 80. All the participants underwent imaging on the 3T Philips Achieva 
MRI scanner at Boston University School of Medicine (BUMC) Center of Biomedical 
Imaging (CBI). Gulf War Illness is identified by the Centers for Disease Control and 
Prevention (CDC) definition (Fukuda et al., 1998; US Department of Veterans Affairs, & 
Veterans Health Administration. 2018), based on their presenting symptoms and medical 
history.  
 
MRI data acquisition 
MRI scans were performed using a 32-channel headcoil on 3T Philips Achieva MRI 
scanner (Philips Healthcare, Best, The Netherlands). Psedu-continuous arterial spin 
labeling and structural T1 weighted MRI were performed on all participants. For the 
pCASL: TR = 4000 ms, TE = 11 ms, flip angle = 90 degrees, reconstructed voxel size = 
2.75mm×2.75mm×5.00mm, acquisition voxel size = 3.44mm×3.44mm×5.00mm, FOV = 
220mm×220mm×119mm, 20 transverse slices. For the T1 scan: TR = 6.8 ms, TE = 3.1 
ms, flip angle = 9 degrees, reconstructed voxel size = 1.05mm×1.05mm×1.20mm, 
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acquisition voxel size = 1.11mm×1.11mm×1.20mm, FOV = 270mm×252mm×204mm, 
170 sagittal slices. 
 
Proton-density weighted images generation 
 The proton-density weighted images (PD) are essential for the calibration of the 
cerebral blood flow. The M0b is the equilibrium magnetization of arterial blood, used as 
an essential value in CBF calculation. The PD data can be converted to M0b using 
algorithm with TR, tissue T1, and the blood-brain partition coefficient (Blood flow 
quantification from raw ASL data, n.d.). Our scanned data did not include a separately 
acquired PD image, therefore, an alternative was implemented to generate the M0b. 
According to Floyd et al (2003), M0b can be calculated by the average intensity of the 
control images in the manually defined ventricle region as Scsf. Matlab 2019b was used 
to separate and average the control images and generate a 4D nifti series. The Scsf was 
produced using asltoolbox (Wang, et al., 2016). 
 
Data processing 
PCASL data were motion-corrected using SPM12, then the perfusion images and cerebral 
blood flow images were generated using ASL Data Processing Toolbox: ASLtbx (Wang, 
et al., 2016). T1 weighted images were segmented using Freesurfer version 6.0 
(https://surfer.nmr.mgh.harvard.edu/). The cerebral blood flow images were co-registered 
to the segmented T1 images using manual adjustment to correct for any errors in 
alignment. The quantitative regional mean signal intensity and the size of each region 
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were generated using Freesurfer after the images were co-registered. CBF was calculated 
using the formula for regional mean signal intensity from Buxton et al. Parameters used 
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Figure 4. The parameters used in the cerebral blood flow calculation in ASLtbx. 
 
Cerebral blood flow quantification 
Cerebral blood flow calculation 
The perfusion data is generated by the subtraction of the mean signal intensity for 
each freesurfer brain region. To calculate the regional blood flow, the formula used an 
automatic calculation in software from the Alsop et al as: 
CBF =
6000 × 𝜆∆𝑀𝑒





Where the ΔM is the mean signal intensity, PLD is the post-label delay, taken to 
be 1500 ms. T1a is the arterial blood T1, taken to be 1650 ms as normoxia. Mcsf is the 
mean signal intensity of CSF, which can be calculated through proton-density weighted 
images or the average of all control images. τ is the label duration. λ is blood–brain 
partition coefficient, taken to be 0.9 ml/g 
 
Region of interest 
The cerebral blood flow images were segmented through the software Freesurfer 
v6.0 with the Desikan-Killiany atlas (https://surfer.nmr.mgh.harvard.edu/). The following 
regions were selected for use in this study: hippocampus, parahippocampal region grey 
matter and white matter, insula, thalumas, amygdala, cingulate, entorhinal cortex, 
caudate, and cerebral white matter. CBF values were calculated in voxels and the mean 
regional CBF were provided in each ROI. In terms of ROI selection, several studies 
conducted on humans suggested that the cerebral blood flow has decrease in Gulf War 
veterans (White et al., 2016; Peiying et al., 2010; Iannacchione et al., 2011). A study 
conducted on rat Gulf War illness model reported a negative feedback in corticosteroids 
regulation, which will lead to a reduced blood flow in corticosteroid rich region including 
hippocampus and amygdala. (Abdel-Rahman et al., 2002). Hippocampal dysfunction and 
the decreased volumes of cingulate, thalamus, and hypothalamus has been reported 
among Gulf War veterans (Menon et al., 2004). Consequently, we predict the cerebral 





Demographics:  Wilcoxon Rank Sum test was used to assess for differences between the 
control/case groups for the highest grade completed and age.  Fisher’s exact test was used 
to assess for differences between the control/case groups in terms of categorical 
demographic variables; depression, anxiety, stroke/cerebrovascular disease, hypertension, 
heart attack/myocardial infarction and asthma.  Chi-square test was used to assess for 
differences between the control/case groups in terms of education level.  
MRI outcome measures.  General Linear Models (Analysis of covariance – ANCOVA) 
was used to assess for differences in regional blood flow between the control/case groups.  
These analyses were run separately for total cerebral white matter, thalamus, caudate 
nucleus, insula, hippocampus, entorhinal cortex – grey matter, amygdala, cingulate cortex 
– grey matter, parahippocampus cortex – grey matter, entorhinal cortex – white matter, 
cingulate cortex, parahippocampus cortex – white matter. All of the general linear models 












 Comparisons were made using Fisher’s exact test, chi-square test, and Wilcoxon 
Rank Sum test between the case and control groups to assess the differences in education 
levels, presence of hypertension, history of myocardial infarction, asthma, history of 
stroke/cerebrovascular disease, depression, anxiety, and ages. In the majority of these 
variables, p-values were not statistically significant (p-value less than 0.05); P- values 
were 0.2717 for school grades, 0.6945 for education levels, 1.0000 for history of 
myocardial infarction, 0.1176 for asthma, 1.0000 for history of stroke/cerebrovascular 
disease, 0.1678 for the depression, and 1.0000 for anxiety. The presence of hypertension 
reached statistical significance (p-value = 0.0222), with 13.3% of the control group and 
45.9% of the GWI case groups reporting that they have hypertension. Because of this, 
hypertension was used as a covariate in general linear models (ANCOVA). 
 
 
General linear models results 
 A series of general linear models described in the method were run to assess the 
differences between the control and GWI case groups with the two covariances as 
estimated total intracranial volume and presence of hypertension. Dependent variables 
included total cerebral white matter (F 3, 96 = 0.44), thalamus (F 3, 96 = 0.51, p = 0.68 ), 
caudate nucleus (F 3, 96 = 0.45, p = 0.72), insula (F 3, 96 = 1.13, p = 0.34), hippocampus 
(F 3, 96 = 0.67, p = 0.557), entorhinal cortex – grey matter (F 3, 96 = 1.59, p = 0.20), 
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amygdala (F 3, 96 = 0.81, p = 0.49), cingulate cortex – grey matter (F 3, 96 = 0.57, p = 
0.64), parahippocampus cortex – grey matter (F 3, 96 = 0.46, p = 0.71), entorhinal cortex 
– white matter (F 3, 96 = 1.59, p = 0.20), cingulate cortex – white matter (F 3, 96 = 0.57, 
p = 0.64), parahippocampus cortex – white matter (F 3, 96 = 0.46, p = 0.71). The F 
critical value (F 3,96) is 2.69939264, whereas the p-values are all greater than 0.05. None 
of these comparison reached statistical significance on differences between control group 
and GWI case group. Thus the experimental hypothesis that there is difference in cerebral 




The aim of this study is to assess the association between Gulf War Illness (GWI) 
and alternation of the cerebral blood flow. We anticipated that decreases in several brain 
regions would occur in individuals with GWI. Statistical analysis of regional cerebral 
blood flow does not support our anticipation that alternations in cerebral blood flow are 
components of GWI, at least at the effect size we had the power to investigate in this 
sample; p-values and F-values of a series of general linear models were not statistically 
significant. This was somewhat surprising since others have found decreases in cerebral 
blood flow among the groups under Haley syndrome criteria; patients with syndrome 2 in 
Haley syndrome criteria had been identified a lower cerebral blood flow in caudate, 
globus pallidus, putamen, and posterior hypothalamus (Haley et al., 2009; Department of 
Veterans Affairs, 2008). Our findings were not consistent with these previous findings, 
but this inconsistency may reflect the differences in GWI definition. One of the 
difficulties in GWI research is the criteria used to define GWI. Haley’s paper used the 
Haley syndrome criteria, whereas our study used the CMI definition. Thus we can only 
speak of alternations in cerebral blood flow as a component of GWI in CMI definition, 
while the other case definitions might represent different outcomes. A more scientific 
way to divide the group is needed, perhaps based on the durations and combinations of 
exposures, instead of roughly defined as a single entity of GWI patients. A finely defined 
subgroup of GWI patients is taxing but may be more beneficial to studies of GWI. 
Meanwhile, a secondary cause for inconsistencies between this study and the literature 
might be the techniques used; our processing steps involved two manual adjustments that 
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can lead to more variance in the measures. More accurate data might have given a 
different outcome. Lastly, the numbers of control subjects that we had was relatively 
small comparative to the number of cases. This may have biased the analyses. Our data 
did confirm that hypertension is associated with cerebral blood flow, since the p-value of 
Fisher’s exact test was significant (p = 0.0222). Previous studies have indicated that 
greater decreases in cerebral blood flow occurred in hypertensive participants relative to 
the healthy control participants, and that the duration of hypertension also contributed to 
this pattern of change (Beason-Held et al., 2007; Dai et al., 2008). Our finding is 
consistent with this result.  Other studies have noted that there may be a compensatory 
response in cerebral blood flow of hypertensive participants with induced hypertension 
increasing cerebral blood flow in acute ischemic stroke (Jennings et al., 2005; Chalela et 
al., 2005). The relationship between hypertension and cerebral blood flow is still elusive 
calling for more studies to be conducted in order to increase our understanding. On GWI 
studies, hypertension can be triggered by the exposures in Gulf War theater or the 
intrinsic factors other than those exposures, so it is important to separate two groups if the 
study is going to investigate the relationship with GWI. Meanwhile, decreases in cerebral 
blood flow can be a GWI subgroup-specific feature, so this is another factor which 
should be considered in further studies. 
 There were several improvements that can be made to have more accurate 
outcomes for our studies. First, proton-density weighted (PDW) images were not scanned 
in our participants, so we had to make a substitution of PDW images. This substitution 
was made by the average of all the control images, which were artificial images. Scan 
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PDW images will be helpful to minimal artificial errors. Second, selections of white 
matter regions and 4th ventricle were manually conducted so that selections might not be 
as accurate as of the machine. This could have induced error in the quantification of the 
cerebral blood flow. A totally automatic process would increase the accuracy of this 
work, distinguish the borders of the grey and white matters. Third, control and case 
groups were not equally distributed; we recruited 15 healthy control and 88 cases 
participants. This may have biased the results. If an adequate number of controls can be 
recruited, the bias could be reduced. 
 Further studies are needed to understand the role of cerebral blood flow in GWI.  
GWI patients were affected by different exposures, so more detailed definitions may help 
to provide greater insight into those impacted. Another direction can be the investigation 
of whether alternations of cerebral volumes are components of GWI. The decreased 
volume of cingulate, thalamus, and hypothalamus has been reported among Gulf War 
veterans; decreases in cerebral gray and white matters were found in the sarin and 
cyclosarin exposed Gulf War veterans (Menon et al., 2004; Chao et al., 2011). Decreases 
in cerebral volume may be a component of GWI by its own or due to the decreases in 
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